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Abstract

Skin cancer is a significant global health concern, with increasing incidence rates and a high number of deaths
each year. Early detection plays a crucial role in improving survival rates, but current screening methods, such as
total body skin examination, often lead to unnecessary invasive excisions. This research aims to explore the use
of dynamic infrared thermography (DIRT) in combination with other technologies to potentially eliminate the need
for biopsies in the future and gather information about the stage or depth of malignant skin lesions. This article
focuses on using DIRT in skin cancer diagnostics and presents a proof-of-concept study conducted at the University
of Antwerp (Belgium). The study involves data acquisition using a thermal camera and a finite element skin model.
The FEM skin model employed in this research follows the commonly used five-layer model. Each layer is assigned
specific thermophysical properties such as thermal conductivity, blood perfusion rate, and thickness. A FEM skin
model in Siemens Simcenter 3D is constructed to be able to simulate the cryogenic cooling on the skin. Itis possible
to improve the thermal images by choosing an appropriate cooling method, cooling sequence and optimized
measurement setup. While the FEM skin model shares certain similarities with the measurement data, there is
room for further enhancements to optimize its performance. The acquired data is analyzed to assess the
effectiveness of the combined technique compared to existing clinical and diagnostic methods.

Keywords: Finite element model, skin cancer, dynamic infrared thermography, data augmentation, FEM, Pennes

1. Introduction
1.1 Skin Cancer

Cancer is a significant global health concern, with an estimated annual toll of almost 10 million deaths and more
than 19 million new cases worldwide [1]. The incidence rates of melanoma, a type of skin cancer, have tripled in
Europe and the United States over the past four decades [1], [2]. Nonmelanoma skin cancer, contributes to over
one million new cases (1,198,073 or 11% of estimated new cases in 2020, worldwide for both sexes and all ages)
and 64,000 (0.6%) deaths each year globally. Men are affected at a rate twice as high as women. Melanoma skin
cancer accounts for more than 324,635 (3.4% of estimated new cases in 2020, worldwide for both sexes and all
ages) new cases and approximately 60,000 (0.6%) deaths annually [1].

Skin cancer encompasses various pathological conditions arising from different cell types in the epidermis and
dermis. It is primarily categorized into melanoma and non-melanoma skin cancer, with the latter mainly comprising
keratinocyte cancers (basal and squamous cell carcinomas) and rarer types like Merkel cell carcinomal1], [2]. Early
detection plays a crucial role in improving survival rates and enabling more effective and cost-efficient treatments
with minimal impact on patients' quality of life [3]. Regular screening is recommended for specific high-risk
populations, such as annual breast cancer screening for older women and annual lung cancer screening for
individuals aged 55 to 74 with a history of smoking [4], [5]. Presently, a total body skin examination (TBSE) is the
commonly used screening method [4]. Dermatologists perform this inexpensive and non-invasive procedure to
identify potential malignant and benign skin lesions. The accuracy of their diagnoses is influenced by their training
and experience [6]. Trained dermatologists can enhance accuracy by incorporating polarized light dermoscopy,
which highlights additional features like pigmentation or vascularization [7], [8]. However, invasive excisions are
still conducted to rule out false-negative findings that could lead to metastasis and death. Unfortunately, many of
these excisions are unnecessary, as only one melanoma is detected for every 10 to 60 biopsies performed [9], [10].

The purpose of this research is to explore the use of dynamic infrared thermography, in combination with
technologies such as finite element (FEM) models of the human skin, digital dermoscopy and hyperspectral imaging
(the latter two are not in the scope of this article), to potentially eliminate the need for biopsies in the future.
Additionally in future work, the aim is to gather information about the stage or depth of malignant skin lesions. This
information can assist surgeons in accurately removing the malignant skin lesion by detecting the subcutaneous
area.
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1.2 Dynamic infrared thermography in biomedical applications

The use of infrared thermal imaging in biomedical applications was uncommon in the past. The bulky first-
generation IR cameras and their limited performance together with the unsatisfactory results of passive
thermography are the root cause [11]-[13] . Active dynamic thermography and the problems to implement it in
medical diagnostics has been extensively discussed by Nowakowski et al. [14]. Infrared thermography has been
continuously improved over the last years and is recently widely used in biomedical applications for the detection
of breast cancer, psoriasis, fever screening, dentistry or measuring flap perfusion during breast reconstruction with
DIEP flaps [15]-[19] or even in cardiosurgery and the detection of blood vessels [20], [21]. Also body part and pose
estimation based on medical thermographic images has been researched[22]. A full review on infrared
thermography on skin cancer is out of the scope of this article but can be found in previous contributions [23], [24].

Recent additions to literature on the detection of cancers with infrared thermography are mostly based on a
combination of artificial intelligence (Al) and numerical models with infrared thermography. Magalhaes et al.
conducted research on the role of different Al classifiers in skin cancers images, not only limited to infrared
thermography [25]. In the following work they did a comparison of the application of machine learning strategies
for infrared thermography of skin cancer [26], [27]. Chen et al. trained an Al model on data generated by a 3D FEM
model to extract the thermophysical properties of the skin cancer [28].

1.2.1  Skin cancer diagnosis using thermography — working principle

Biomedical infrared thermography reveals the heterogeneous skin and superficial tissue temperature [29]. Infrared
emissions from human skin at 27 °C are in the wavelength range of 2—20 um , and peaks at 10 um. The term body
infrared rays, a narrow wavelength range of 8—-12 um, is used for medical applications [30]. As reported by Lee and
Minkina, the commonly accepted emissivity € of human skin, independent of the skin pigmentation, is 0.98 + 0.01
for A > 2 um, which makes human skin a close to perfect black body [13], [31]-[33].

As a living organism, the human body attempts to maintain homeostasis, the balance of all systems in the body,
for all physiological processes, resulting in dynamic changes in heat output [3]. The result of a complicated
combination of central and local regulatory systems is reflected in the surface temperature of an extremity. Core
body temperature is maintained constant at depths greater than 20 mm [33]. Skin surface temperature is a useful
indicator of health problems or physical disorders of skin-related processes [33]. Skin cancer cells are different
compared to normal skin cells due to the high rate of uncontrolled cell division [34]. As a result of the high rate of
cell division, cancer cells need to convert more energy to support the cellular processes. Due to the high metabolic
rate, there is a higher energy demand, which also leads to increased angiogenesis. Angiogenesis is the
physiological process by which new blood vessels form from existing vessels to provide the necessary additional
energy [35], [36]. In conjunction with the increased energy requirements, melanoma skin lesions are thought to
have a higher temperature (A 2—4 K) than the surrounding healthy skin [33], [37], [38].The IR imaging of melanoma
skin lesions is based on the detection of new blood vessels and chemical changes associated with a tumour
development and growth [39]. Currently, there is no standardized, reliable, quantitative, and non-invasive method
based on IRT to accurately determine the malignant potential of skin lesions [10].

1.3 Finite element skin model

IR imaging combined with a mathematical model is used to understand the temporal evolution and time constants
of the process [40]. This is a challenging task due to the many parameters of the Pennes’s bioheat Equation (see
section 1.3.1). Not only differ the thermophysical parameters from patient to patient but also the dimensions and
position of the lesions, as well as the lesion parameters are patient dependant [41]. The Pennes bioheat Equation
is not only used to study cancers of the skin [42]-[47] but also for simulating breast tumor analysis [28], [48]. The
five-layer model is most commonly used to determine the temperature distribution during cooling. This model
consists of the epidermis, papillary dermis, reticular dermis, subcutaneous fat and muscle. The FEM model
implements the Pennes bioheat Equation. The parameters of the five layers used in the Pennes’ bioheat Equation
are shown in Table 1 and Table 2. With a mathematical model, the excitation method (cooling of the skin) can be
analysed. The model can be used to conduct a parameter sensitivity study to gain understanding of the human skin



O Joy b WN

system. Cétingul and Herman discovered that the thermal response of a lesion is mainly influenced by its total
volume, average equivalent diameter, and penetration depth (stage), while small protrusions and irregularities have
a relatively minor effect [40]. Cétingul and Herman evaluated the effects of variations in thermophysical properties,
metabolic heat generation, blood perfusion rate, and skin layer thickness on the distribution of surface
temperatures, skin layers are tested and subjected to cooling and subsequent thermal recovery.

< T

- Epidermis
Papillary Dermis

Reticular Dermis

Subcutaneous Fat

Figure 1- The 5-layer skin model consists of the epidermis, papillary

dermis, reticular dermis, subcutaneous fat and muscle. (Created with
BioRender.com)

However, since the variations in these properties for individual layers are minimal, the resulting temperature
variations are also insignificant. Their study shows that the small variations in physical parameters and variables
have a negligible effect on the calculated temperature profiles. Especially the surface temperatures are strongly
influenced by changes in the blood perfusion rate and the skin layer thickness [40].

1.3.1  Pennes’ Bioheat Equation

The Pennes’ bioheat Equation is the most commonly used form of heat transfer in soft, living tissue [49]. It provides
a way to quantify the temperature distribution within tissues during thermal therapies or other situations involving
heat transfer in living systems. The total energy exchange through the flowing blood is proportional to the volumetric
heat flux and the temperature difference between the blood and the tissue [50]. The three-dimensional expression
of Pennes’ bioheat Equation for soft tissue with uniform material properties is given by Equation 1 [51]. This is a
partial differential equation for the tissue temperature. With the correct initial conditions and boundary conditions,
the transient and the steady-state temperature in the tissue can be determined [52].

ar d*T d*T d*T
tk——+k——+ wbcb(Ta - T) + Qm + Q‘r(x;y'z;t)

Pea Ttk gt

Equation I - Pennes' bioheat Equation for human tissue in 3D (x,y,z direction)

The properties of the Pennes’ bioheat Equation are as follows: T is the temperature in degree Celsius, p is tissue
density [kg/m3], ¢ is the specific heat of the tissue in [J/(kg K)], k is the tissue’s thermal conductivity [W/(m K)], w,
is the blood mass perfusion rate [kg/(m3s)] and ¢, as blood specific heat [J/(kg K)]. The arterial temperature has
the symbol T, in degree Celsius, Q,, is the metabolic heat generation rate in [W/m3] and @, is the regional heat
source [W/m3].

The Equation describes the balance between heat conduction, metabolic heat generation, and convective heat
transfer through blood perfusion. The term Q,, accounts for the heat produced by cellular metabolic processes,
while the term w; ¢, (T, — T) represents the heat exchange between the tissue and the blood flow. This term
depends on the blood perfusion rate, blood specific heat capacity, and the temperature difference between the
tissue and the arterial blood [53].

The two main mechanisms for heat flow within a tissue are conduction and convection. Conductive heat flow means
that the temperature gradient within the tissue itself drives the flow. Convection of heat energy occurs through the
blood that perfuses the tissue. Conductive heat flow is governed by Fourier's law of heat conduction. The law states
(Equation 2) that the heat flux (q) through a material is directly proportional to the temperature gradient (dT/dx)
across the material and its thermal conductivity (k). Mathematically, it can be expressed as:

_ de
= dx

Equation 2 - Fourier's law of thermal conduction
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2. Materials and Methods

The objective of this proof-of-concept research is to enhance the methodology for utilizing dynamic infrared
thermography (DIRT) in the assessment of both malignant and non-malignant skin lesions. In the future, the plan
is to integrate various techniques such as dermoscopy, digital photography, hyperspectral imaging, and dynamic
infrared thermography into an in-vivo measurement setup. To validate and assess the effectiveness of this new
combined technique compared to existing clinical and diagnostic methods, large-scale clinical studies will be
conducted. This proof of concept marks the initial phase of the research.

The investigation into the application of DIRT in skin cancer diagnostics is being carried out at the University of
Antwerp, in collaboration with Ghent University Hospital and Antwerp University Hospital. The clinical trial has
received approval from the ethical committee of the Antwerp University Hospital (BUN B3002022000057).

2.1 Data acquisition equipment

The data acquisition system comprises six primary components that are integrated into a measurement head to
ensure consistent measurements. These components include a thermal camera, cooling device, RGB camera,
laser diode, temperature and humidity sensor, and a computer for control and image processing.

The first component is a FLIR A700 long-wave infrared camera (7.5-14 ym) from Teledyne FLIR LLC, Oregon,
USA. It utilizes an uncooled microbolometer detector with a pixel pitch of 12 um and a thermal sensitivity (NETD)
of <30 mK. Equipped with a 2.0x macro lens and a minimal focus distance of 18mm, the thermal camera captures
16-bit thermal image sequences at a resolution of 640 x 480 and a frame rate of 30 Hz. The thermal sequence is
recorded in 16-bit RAW data at 30Hz. A two-point non-uniformity correction (NUC) is applied to the raw images
using a blackbody as a reference at temperatures of 15 °C and 35 °C.

The second component is the Cryo 6 cold air unit from Zimmer MedizinSysteme GmbH, used as the cooling device
for the skin lesion. This Class lla medical device cools the skin in a non-contact, rapid, and reproducible manner
without obstructing the field of view or interfering with the infrared camera [54]. The Cryo 6 generates filtered,
moisture-free, oil-free, and quiet airflow at a temperature of -30 °C [55]. The airflow can be regulated in nine levels
up to 1000I/min. Cooling is an optimal solution based on a literature review on skin cancer diagnosis with infrared
thermography, ensuring uniform thermal excitation and high accuracy [23]. Non-contact cooling within the patient's
physiological limitations is preferred for maintaining aseptic conditions.

A high-definition RGB endoscopic camera captures an RGB reference image before the thermal sequence begins.
It also tracks and compensates for patient motion through post-processing and tracking algorithms. The endoscope
operates at a frame rate of 30 fps with a resolution of 1280 x 720 pixels. It offers a 66° field of view and a depth of
focus ranging from 3 to 8 cm. The combination of the endoscope and the infrared camera eliminates the need for
a hyperthermic marker.

A laser dot diode emitting red light at a wavelength of 650 nm and light power below 5 mW is used to mark the
center of the lesion. Monitoring the air flow near the skin lesion is facilitated by a Bosch BME280 sensor, which
measures relative humidity, barometric pressure, and ambient temperature. The laser diode and the Bosch
BME280 are controlled by an esp32 microcontroller using code developed by the authors.

A computer equipped with custom software controls the infrared camera, endoscope, laser dot diode, and cooling
device. It also monitors the various sensors. All data is stored on the hard drive for further processing and analysis.

2.2 Acquisition protocol

Patient preparation is a crucial aspect that cannot be overlooked. To ensure accurate and reproducible thermal
imaging, patient acclimatization should take place in a room with controlled temperature and humidity. Following a
well-defined protocol is essential for maintaining consistency in the measurement procedure. A temperature-
controlled environment is particularly important for clinical applications of thermal imaging. The examination room
should maintain a sTable temperature within the range of 18 to 23 °C [56]. In this research, the examination room
is set at a temperature of 22 °C. A calibrated sensor monitors both the temperature and humidity of the room. It is
important to ensure that no airflow from the air conditioners is directed at the patient. If necessary, the patient
removes appropriate clothing and jewelry. A minimum acclimatization time of 10 minutes is recommended to
achieve sTable blood pressure and skin temperature.

The acquisition protocol commences with capturing a white light (RGB) image using a digital camera equipped with
a macro lens. The measurement head, which integrates various components, is placed on the skin with the skin
lesion positioned at the center of the measurement head. To protect the patient's skin, a foam ring with a thickness
of 5 mm is attached to the measurement head. The laser mounted on the measurement head is used to mark the
center of the lesion. The movement of the measurement head is recorded by the integrated endoscopic camera.
The Flir A700 thermal camera is positioned 40 mm away from the skin lesion and incorporates an auto-focus feature
to focus on the lesion. Initially, a 4-second sequence of steady-state infrared images is captured. This image
sequence comprises 60 frames at a rate of 30 Hz. Following the recording of the steady-state images, the cooling
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cycle is initiated. The parameters that can be easily adjusted include the air flow level and the duration of cooling.
The Cryo cooling device is used to cool the skin area with a diameter of 50 mm, encompassing the lesion. Once
the cooling load is removed, the thermal camera continues recording the natural reheating of both the skin lesion
and the healthy surrounding skin for a duration of 1-5 minutes or until reaching a steady state.

2.3 Finite element skin model

Siemens NX is used to model the thermal FEM analysis. The geometry of the skin tissue for FEM analysis includes
the shape of the model, number of layers, shape and size of the lesion. The model used in our preliminary research

> Lesion c he Lesion (CLll) - 0.271 mm
Y "y Epidermis c h,
D
z H Papillary dermis #hz

Reticular dermisly, '3

Epidermis - 0.5 mm

Papillary Dermis - 0.8 mm
N eticular Dermis - 0.8 mm

Subcutaneous fatly

Subcutaneous fat -
0.8 mm

- Muscle - 0.8 mm
hs

Muscle|

Figure 2 — (left) Layers of the skin in Siemens Simcenter 3D, (right) 3D cylindrical FEM model of human skin

is a three-dimensional cylindrical model with five skin layers as shown in Figure 2. This FEM model is implemented
based on the research of Cétingul and Herman [57]. A cylindrical 3D model is preferred over a 1D and 2D model
as the latter two can lead to false or imprecise solutions and the cylindricity of the model requires less computational
time due to only one lateral boundary condition on one face [58]. The five layers are the epidermis, papillary dermis,
reticular dermis, subcutaneous fat and muscle. The size of the lesion is determined by the Clark level. The Clark
Level is a staging system that describes the depth of the skin lesion as it grows.

Cryogenic cooling

1111
N

Steady state Cooling phase Reheating phase
Figure 3 - Three phases of the skin model; from left to right, steady state phase, cooling phase and natural
reheating phase

Table 1 gives an overview of the parameters used in this preliminary research. Properties of the skin layers are the
height hn, specific heat cn, thermal conductivity kn, density pn, blood perfusion ws and metabolic heat generation
Qn. The parameters in Table 1 are from the study of Cetinglil and Herman [40] based on values from literature. A
3D tetrahedral mesh type is chosen with different mesh sizes depending on the location of the mesh in the skin
model. A finer mesh tends to be chosen for the most important regions for the determination of surface
temperatures. The mesh sizes are shown in Figure 2.
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The computational analysis consists of three phases, namely the steady-state phase, the cryogenic cooling phase
and the reheating phase as shown in Figure 3. The steady state phase uses an ambient temperature of 21 °C, a
blood temperature of 37 °C and a core body temperature of 37 °C. A convection heat transfer coefficient of 10
W/mzK is used, based on the properties of the ambient air. The last boundary condition is the tissue emissivity and
has a value of € = 0.98, determined and evaluated by Cheng and Herman [40], which can be considered as a

constant value.

Laver height specific Heat  thermal conductivity tissue density blood perfusion metabolic heat generation
Y fin [mm] en [5r] b Lo po L5k w [4] Qn (5]

Epidermis [1] 0.1 3589 0.235 1200 0 0

Papillary Dermis [2] 0.7 3300 0.445 1200 0.0002 368.1

Reticular Dermis [3] 0.8 3300 0.445 1200 0.0013 368.1

Fat [4] 2 2674 0.185 1000 0.0001 368.3

Muscle [5] 8 3800 0.51 1085 0.0027 684.2

Lesion [6] P02 1 e 382 0.558 1030 0.0063 3680

Table 1 - Nominal skin parameters used in this research according to Cetingiil and Herman [37]

3. Results

3.1 In-Situ measurement head

The measurement head integrates the equipment mentioned in paragraph 2.1. It is specifically designed to allow
the lesion to be cooled using the conditioned air from the Zimmer Cryo 6 cooler, while ensuring that the field of
view of the macro lens remains unobstructed. Figure 4 illustrates the design of the measurement head, and the
components utilized are described in section 2.1. Currently, the in-situ measurement head is undergoing

thorough testing.

Preliminary results of the implemented imaging procedure can be observed in Figure 5. In its steady state, the
lesion has a temperature of approximately 32 °C. Upon applying the cooling load for 60 seconds at flow level 9,
the lesion's temperature decreased to around 4 °C. It should be noted that this cooling load exceeds what would
be used in a clinical setting, but it is employed here to test the functionality of the in-situ measurement head.
Additionally, the images display the rewarming frames at 20, 60, and 120 seconds. The skin lesion is clearly
discernible in the infrared images.

uniform cooling:
from 2 sides

FLIR A700

Fixed measurement
distance

RGB camera

Figure 4 — (left) CAD model of the measurement head for DIRT on skin lesions, (right) in-situ measurement head during

measurement
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Figure 5 - RGB image and macro infrared thermography on skin lesion (20s of cooling, 120s rewarming)

3.2 Finite element skin model

Figure 6 presents the initial findings of the FEM skin model incorporating cryogenic cooling. Various cooling
methods were simulated to determine the most suiTable approach for applying DIRT (Dynamic Infrared
Thermography) for skin cancer diagnosis. The evaluated cooling methods included cryogenic cooling at two levels
(level 1 and level 9), air cooling, constant cooling, and water cooling. Figure 7 illustrates the cooling effect of
cryogenic cooling across different skin layers. Notably, the fat layer exhibits pronounced insulating properties.

Blood Vessel

Muscle

Depth(mm)

Subeutaneous Fat

Reticular Dermis

Papillary Dermis

0 5 10 15 20 25 Epidermis  3p
Time(s)

- oyl 1 i (4°C; T00W/m™2K) e=Constant Coaling (h=inf, T=4°C ==\\/ater (2mm at 4°C) Level 9

Figure 6 - Depth of cooling penetration into the skin for different cooling methods. The cryocooler is modelled at level 1 and

level 9. Air cooling at 4°C, constant cooling and water cooling are included.

Two key observations emerge from the results. Firstly, higher flow levels of cryogenic cooling result in faster
penetration through the skin layers. This observation holds true overall, with a particularly noTable difference
between level 1 and level 9 (e.g., a 5-second disparity at the beginning of the muscle layer). Secondly, cooling at
each flow level is virtually instantaneous above the epidermal layer, owing to the low thickness of the epidermis.
Subsequently, as the cooling depth progresses from the start of the papillary dermis to the conclusion of the
subcutaneous fat layer, the cooling rate gradually slows. This can be attributed to the varying thermal conductivity
of the individual layers. Table 1 highlights the thermal conductivity disparities among the papillary dermis, reticular
dermis, and subcutaneous fat layer. Specifically, the thermal conductivity of the papillary dermis and reticular
dermis surpasses that of the subcutaneous fat layer. Consequently, layers with higher thermal conductivity
experience faster heat transfer. Moreover, the cooling depth curve reaccelerates upon reaching the onset of the
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muscle layer (i.e., the end of the subcutaneous fat layer) because the thermal conductivity of the muscle layer
exceeds that of the subcutaneous fat layer.

Blood Vessel

Depth(mm)

Subcutaneous Fat

Reticular Dermis

Papillary Dermis.

15 20 25 Epidermis 30
Time(s)
w—lcvel 1 Level 9 w—lcvel 5

Figure 7 - Cooling depth in the skin layers in function of the time for cryogenic cooling at level 1,5 and 9

3.3 Clinical validation

In order to validate the Siemens Simcenter 3D thermal skin model, a preliminary study was conducted using a
single pigmented lesion. The purpose of including only one lesion in this study was to facilitate the validation of the
skin model. The lesion had a diameter of 15mm and displayed slight ulceration. The thermal response of both the
skin lesion and healthy skin was measured using infrared imaging and compared with a model of the skin lesion
created in Siemens Simcenter 3D. Figure 8 depicts an RGB color image of the pigmented lesion during the
measurements, utilizing the measurement head described in section 3.1. The red laser dot indicates the center of
the field of view for both the thermal and RGB cameras. The right image in the Figure illustrates the lesion in the
thermal infrared spectrum, captured immediately after the cooling load was removed.

Point on lesion and healthy skin 25

0
50 25
100 24

150
23

200
22

250

21

0 50 100 150 200 250 300 350

Figure 8 - (left) RGB image capturing the skin lesion, prominently displaying the red laser dot at its center, serving as a reference
point within the field of view. (right) Red marker indicating the center of the lesion, while the blue marker represents the
healthy skin region.
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Temperature [°C]

Upon applying the cooling load, the temperature of the lesion decreased to 28.59°C, while the temperature of the
healthy skin was slightly lower at 27.15°C as can be seen in Figure 9. After approximately 60 seconds of reheating,
the temperature of the lesion and healthy skin increased to around 33.09°C and 32.95°C, respectively. The
temperature difference of more than 1°C between the lesion and healthy skin was clearly visible immediately after
the cooling load was removed. However, this temperature difference gradually decreased as the reheating process
continued. It should be noted that the magnitude and time evolution of this temperature difference varied based on
the malignant potential of the lesion. The complete measurement cycle for the lesion and the healthy skin
surrounding it is illustrated in Figure 10. The cycle begins with a 4-second steady state measurement, during which
the center of the lesion exhibits a higher temperature compared to the surrounding healthy skin. Subsequently,
both the lesion and healthy skin are cooled down for 20 seconds at flow level 7. It is observed that the lesion cools
down to a lesser extent than the healthy skin during this cooling stage. Once the cooling load is removed, the
process of reheating begins for both the lesion and healthy skin

Thermal Recovery Curve Thermal difference Curve

1.0
0.8

v

5 0.6
0.4

29 — Lesion
/ - Healthy 0.2 4 —— AT lesion and healthy
0 10 20 30 40 50 0 10 20 30 40 50
Time [sec] Time [sec]

Figure 9 — (left) Time-dependent temperature profile of the pigmented lesion and healthy tissue. The lesion is denoted by the red cross,

while the healthy skin is indicated by the blue cross, as shown in figure 8. (right) Thermal contrast between the lesion and healthy
skin during the rewarming phase. A temperature difference exceeding 1 °C is immediately noticeable after the removal of the
cooling load.
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Figure 10 - Thermal curve depicting the steady state, cooling, and reheating sequences of
the lesion (represented by the red cross in figure 8) and healthy skin (indicated by the
blue cross in figure 8). Each sequence is captured consecutively with a slight delay,
allowing for camera saving and restarting.
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Input parameters for a thermal finite element model are vital in accurately simulating and predicting heat transfer
behaviour within a system. These parameters include material properties such as thermal conductivity, specific
heat capacity, and density, which define the thermal characteristics of the materials involved. The material
parameters from Table 1 are used in this model. Geometric parameters, such as dimensions and boundary
conditions, are essential for accurately representing the geometry and specifying the heat flow boundaries. The
model has a diameter of 50 mm and a height of 11.8 mm. The lesion is modelled with a diameter of 15 mm and a
height of 1 mm. The steady state model is shown in Figure 11: the center of the lesion and the healthy skin are
depicted. Additional input parameters involve environmental factors, such as ambient temperature or radiation
conditions, which can significantly influence the heat transfer process. Those parameters are listed in Table 2.

Parameter Value Unit
Steady state sequence 4 [seconds)
Cooling sequence 20 [seconds]
Reheating sequence Al [seconds]
Ambient temperature 22 [°C]

Core body temperature 37 [°C]
Cryogenic cooling temperature -30 [°C]

Air heat transfer Coefficient to room 2.5 [W /2K
Emissivily 0.98

Air speed at -30 *C 2358 m/s

Table 2 — Parameters used as input for the FEM model in
Siemens Simcenter 3D.
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Figure 11 — Thermal model of the skin in steady state, featuring a central
lesion (15mm diameter). The lesion registers a temperature of 34.84
°C, while the surrounding healthy skin exhibits a temperature of
34.56 °C.

-

[l



O Joy b WN

Validating the accuracy and reliability of a thermal Finite Element Model (FEM) skin model through comparison
with real data is crucial. This process involves examining the predicted thermal behaviour and temperature
distribution of the FEM model and comparing it with experimental or measured data collected from real-world
scenarios. In Figure 12, the thermal behaviour of the model is compared to the measurement data. Notably, during
steady state, the temperature of the measured lesion and healthy skin surpasses that of the model. Throughout
the cooling sequence, an interesting observation is that the model cools down at a faster rate than human skin, yet
both reach the same temperature after 20 seconds of cooling. Additionally, the skin model exhibits a higher
reheating rate compared to human skin, but ultimately reaches a nearly identical temperature after the 60-second
mark.
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Figure 12 — Comparison of the thermal Finite Element Model (FEM) of the skin, using the parameters
described in this paper, with thermal measurements on the pigmented skin lesion. Notably, the reheating
rate of the model (shown in red and blue) differs from that of the pigmented lesion (depicted in green
and magenta). The model exhibits overall behavior that aligns reasonably well with the measurements,
although further enhancements, such as patient-specific models, could be implemented for improved
accuracy.

4. Conclusion and Future work

In conclusion, skin cancer is a significant global health concern, with increasing incidence rates and a substantial
impact on mortality. Early detection is crucial for improving survival rates and providing effective treatments.
However, the current screening method of total body skin examination and subsequent biopsies has limitations,
leading to unnecessary invasive procedures.

Dynamic infrared thermography (DIRT) has emerged as a potential non-invasive and quantitative technique for
skin cancer diagnosis. By capturing thermal images and analyzing temperature variations, DIRT can detect
differences in metabolic activity and angiogenesis associated with malignant skin lesions. The use of artificial
intelligence and finite element models further enhances the accuracy and reliability of DIRT in diagnosing skin
cancer.

A standardized measurement setup and protocol are essential for comparing measurements taken at different
times. In this proof-of-concept research, a data acquisition system comprising a thermal camera, cooling device,
RGB camera, laser diode, temperature and humidity sensor, and computer control was developed. The
measurement hardware has undergone careful review and optimization to enhance measurement accuracy and
repeatability. The system allows for consistent and accurate measurements during the DIRT procedure. Initial test
measurements have yielded positive results, and the collected data is currently being processed. Although this
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proof of concept for the measurement head has been successful, further adjustments to the instrument are still
necessary to obtain optimal results.

When comparing the results of the finite element model and the measurements, the overall resemblance is
knowledgeable. The model exhibits overall behavior that aligns reasonably well with the measurements, although
further enhancements, such as patient-specific models, could be implemented for improved accuracy. The results
of cooling the skin and cooling the model agree well, while there is still a difference in the heating of the real human
skin and the model. Both in the model and in the measurements on the patient, a noticeable temperature difference
is found between the healthy skin and the pigmented lesion. This indicates that the applied technique could possibly
be used to distinguish between healthy and unhealthy skin.

By comparing various cooling techniques and durations, an optimal cooling protocol for thermal measurements of
skin tissue can be identified in the future. In this work, the first steps are taken to build and validate a finite element
skin model. While the basic finite element skin model in Siemens Simcenter 3D has not yet been thoroughly
validated with real-life measurements, the initial findings and comparison demonstrates promising similarities to
real-world scenarios. Since this study serves as a proof-of-concept, it is essential to clinically validate the cooling
times. The FEM model provides an estimate of the minimum cooling time required to achieve sufficient cooling
penetration. Furthermore, by making the model patient-specific, it becomes possible to customize the cooling times
based on individual patients or specific anatomical locations.

Future research will focus on developing a system to mitigate uncontrolled movements of the measurement head
and the patient. Additionally, efforts will be directed towards thermographic data processing, including motion
tracking, image stabilization, image processing, segmentation, and lesion classification. The FEM skin model will
be expanded and validated with more real-life measurements. The data generated by the FEM skin model will be
used to train an Al network to be able to distinguish the healthy skin from the malign lesions.

Overall, the use of DIRT in skin cancer diagnosis shows promise in improving accuracy, reducing unnecessary
biopsies, and providing a non-invasive and quantitative approach to assess malignant and non-malignant skin
lesions. Further research and validation through extensive clinical studies are necessary to establish DIRT as a
reliable and widely adopted tool in dermatology and skin cancer management.

Funding This research is funded by the Research Foundation-Flanders via support for the FWO research project,
“Optimized skin tissue identification by combined thermal and hyperspectral imaging methodology.” (Project
number 41882 (FWO GOA9720N) Jan Verstockt).
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Abstract

Skin cancer is a significant global health concern, with increasing incidence rates and a high number of deaths
each year. Early detection plays a crucial role in improving survival rates, but current screening methods, such as
total body skin examination, often lead to unnecessary invasive excisions. This research aims to explore the use
of dynamic infrared thermography (DIRT) in combination with other technologies to potentially eliminate the need
for biopsies in the future and gather information about the stage or depth of malignant skin lesions. This article
focuses on using DIRT in skin cancer diagnostics and presents a proof-of-concept study conducted at the University
of Antwerp (Belgium). The study involves data acquisition using a thermal camera and a finite element skin model.
The FEM skin model employed in this research follows the commonly used five-layer model. Each layer is assigned
specific thermophysical properties such as thermal conductivity, blood perfusion rate, and thickness. A FEM skin
model in Siemens Simcenter 3D is constructed to be able to simulate the cryogenic cooling on the skin. It is possible
to improve the thermal images by choosing an appropriate cooling method, cooling sequence and optimized
measurement setup. While the FEM skin model shares certain similarities with the measurement data, there is
room for further enhancements to optimize its performance. The acquired data is analyzed to assess the
effectiveness of the combined technique compared to existing clinical and diagnostic methods.

Keywords: Finite element model, skin cancer, dynamic infrared thermography, data augmentation, FEM, Pennes

1. Introduction
1.1 Skin Cancer

Cancer is a significant global health concern, with an estimated annual toll of almost 10 million deaths and more
than 19 million new cases worldwide [1]. The incidence rates of melanoma, a type of skin cancer, have tripled in
Europe and the United States over the past four decades [1], [2]. Nonmelanoma skin cancer, contributes to over
one million new cases (1,198,073 or 11% of estimated new cases in 2020, worldwide for both sexes and all ages)
and 64,000 (0.6%) deaths each year globally. Men are affected at a rate twice as high as women. Melanoma skin
cancer accounts for more than 324,635 (3.4% of estimated new cases in 2020, worldwide for both sexes and all
ages) new cases and approximately 60,000 (0.6%) deaths annually [1].

Skin cancer encompasses various pathological conditions arising from different cell types in the epidermis and
dermis. It is primarily categorized into melanoma and non-melanoma skin cancer, with the latter mainly comprising
keratinocyte cancers (basal and squamous cell carcinomas) and rarer types like Merkel cell carcinoma(1], [2]. Early
detection plays a crucial role in improving survival rates and enabling more effective and cost-efficient treatments
with minimal impact on patients' quality of life [3]. Regular screening is recommended for specific high-risk
populations, such as annual breast cancer screening for older women and annual lung cancer screening for
individuals aged 55 to 74 with a history of smoking [4], [5]. Presently, a total body skin examination (TBSE) is the
commonly used screening method [4]. Dermatologists perform this inexpensive and non-invasive procedure to
identify potential malignant and benign skin lesions. The accuracy of their diagnoses is influenced by their training
and experience [6]. Trained dermatologists can enhance accuracy by incorporating polarized light dermoscopy,
which highlights additional features like pigmentation or vascularization [7], [8]. However, invasive excisions are
still conducted to rule out false-negative findings that could lead to metastasis and death. Unfortunately, many of
these excisions are unnecessary, as only one melanoma is detected for every 10 to 60 biopsies performed [9], [10].

The purpose of this research is to explore the use of dynamic infrared thermography, in combination with
technologies such as finite element (FEM) models of the human skin, digital dermoscopy and hyperspectral imaging
(the latter two are not in the scope of this article), to potentially eliminate the need for biopsies in the future.
Additionally in future work, the aim is to gather information about the stage or depth of malignant skin lesions. This
information can assist surgeons in accurately removing the malignant skin lesion by detecting the subcutaneous
area.
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1.2 Dynamic infrared thermography in biomedical applications

The use of infrared thermal imaging in biomedical applications was uncommon in the past. The bulky first-
generation IR cameras and their limited performance together with the unsatisfactory results of passive
thermography are the root cause [11]-{13] . Active dynamic thermography and the problems to implement it in
medical diagnostics has been extensively discussed by Nowakowski et al. [14]. Infrared thermography has been
continuously improved over the last years and is recently widely used in biomedical applications for the detection
of breast cancer, psoriasis, fever screening, dentistry or measuring flap perfusion during breast reconstruction with
DIEP flaps [15]-[19] or even in cardiosurgery and the detection of blood vessels [20], [21]. Also body part and pose
estimation based on medical thermographic images has been researched[22]. A full review on infrared
thermography on skin cancer is out of the scope of this article but can be found in previous contributions [23], [24].

Recent additions to literature on the detection of cancers with infrared thermography are mostly based on a
combination of artificial intelligence (Al) and numerical models with infrared thermography. Magalhaes et al.
conducted research on the role of different Al classifiers in skin cancers images, not only limited to infrared
thermography [25]. In the following work they did a comparison of the application of machine learning strategies
for infrared thermography of skin cancer [26], [27]. Chen et al. trained an Al model on data generated by a 3D FEM
model to extract the thermophysical properties of the skin cancer [28].

1.2.1  Skin cancer diagnosis using thermography — working principle

Biomedical infrared thermography reveals the heterogeneous skin and superficial tissue temperature [29]. Infrared
emissions from human skin at 27 °C are in the wavelength range of 2-20 ym , and peaks at 10 um. The term body
infrared rays, a narrow wavelength range of 8-12 um, is used for medical applications [30]. As reported by Lee and
Minkina, the commonly accepted emissivity € of human skin, independent of the skin pigmentation, is 0.98 + 0.01
for A > 2 um, which makes human skin a close to perfect black body [13], [31]-[33].

As a living organism, the human body attempts to maintain homeostasis, the balance of all systems in the body,
for all physiological processes, resulting in dynamic changes in heat output [3]. The result of a complicated
combination of central and local regulatory systems is reflected in the surface temperature of an extremity. Core
body temperature is maintained constant at depths greater than 20 mm [33]. Skin surface temperature is a useful
indicator of health problems or physical disorders of skin-related processes [33]. Skin cancer cells are different
compared to normal skin cells due to the high rate of uncontrolled cell division [34]. As a result of the high rate of
cell division, cancer cells need to convert more energy to support the cellular processes. Due to the high metabolic
rate, there is a higher energy demand, which also leads to increased angiogenesis. Angiogenesis is the
physiological process by which new blood vessels form from existing vessels to provide the necessary additional
energy [35], [36]. In conjunction with the increased energy requirements, melanoma skin lesions are thought to
have a higher temperature (A 2—4 K) than the surrounding healthy skin [33], [37], [38].The IR imaging of melanoma
skin lesions is based on the detection of new blood vessels and chemical changes associated with a tumour
development and growth [39]. Currently, there is no standardized, reliable, quantitative, and non-invasive method
based on IRT to accurately determine the malignant potential of skin lesions [10].

1.3 Finite element skin model

IR imaging combined with a mathematical model is used to understand the temporal evolution and time constants
of the process [40]. This is a challenging task due to the many parameters of the Pennes’s bioheat Equation (see
section 1.3.1). Not only differ the thermophysical parameters from patient to patient but also the dimensions and
position of the lesions, as well as the lesion parameters are patient dependant [41]. The Pennes bioheat Equation
is not only used to study cancers of the skin [42]-[47] but also for simulating breast tumor analysis [28], [48]. The
five-layer model is most commonly used to determine the temperature distribution during cooling. This model
consists of the epidermis, papillary dermis, reticular dermis, subcutaneous fat and muscle. The FEM model
implements the Pennes bioheat Equation. The parameters of the five layers used in the Pennes’ bioheat Equation
are shown in Table 1 and Table 2. With a mathematical model, the excitation method (cooling of the skin) can be
analysed. The model can be used to conduct a parameter sensitivity study to gain understanding of the human skin
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system. Cétingul and Herman discovered that the thermal response of a lesion is mainly influenced by its total
volume, average equivalent diameter, and penetration depth (stage), while small protrusions and irregularities have
a relatively minor effect [40]. Cétingul and Herman evaluated the effects of variations in thermophysical properties,
metabolic heat generation, blood perfusion rate, and skin layer thickness on the distribution of surface
temperatures, skin layers are tested and subjected to cooling and subsequent thermal recovery.

/ &

-

Epidermis
Papillary Dermis

Reticular Dermis

Subcutaneous Fat

Figure 1- The 5-layer skin model consists of the epidermis, papillary

dermis, reticular dermis, subcutaneous fat and muscle. (Created with
BioRender.com)

However, since the variations in these properties for individual layers are minimal, the resulting temperature
variations are also insignificant. Their study shows that the small variations in physical parameters and variables
have a negligible effect on the calculated temperature profiles. Especially the surface temperatures are strongly
influenced by changes in the blood perfusion rate and the skin layer thickness [40].

1.3.1  Pennes’ Bioheat Equation

The Pennes’ bioheat Equation is the most commonly used form of heat transfer in soft, living tissue [49]. It provides
a way to quantify the temperature distribution within tissues during thermal therapies or other situations involving
heat transfer in living systems. The total energy exchange through the flowing blood is proportional to the volumetric
heat flux and the temperature difference between the blood and the tissue [50]. The three-dimensional expression
of Pennes’ bioheat Equation for soft tissue with uniform material properties is given by Equation 1 [51]. This is a
partial differential equation for the tissue temperature. With the correct initial conditions and boundary conditions,
the transient and the steady-state temperature in the tissue can be determined [52].

dT d*T d*T d*T
pCE= wi‘kﬁ‘l‘k@‘l‘ WpCp (T = T) 4+ Qry + Q- (x,y,2, 1)
Equation 1 - Pennes' bioheat Equation for human tissue in 3D (x,y,z direction)

The properties of the Pennes’ bioheat Equation are as follows: T is the temperature in degree Celsius, p is tissue
density [kg/m?), c is the specific heat of the tissue in [J/(kg K)], k is the tissue’s thermal conductivity [W/(m K)], w,,
is the blood mass perfusion rate [kg/(m3s)] and ¢, as blood specific heat [J/(kg K)]. The arterial temperature has
the symbol T, in degree Celsius, Q,, is the metabolic heat generation rate in [W/m3®] and @, is the regional heat
source [W/m?3].

The Equation describes the balance between heat conduction, metabolic heat generation, and convective heat
transfer through blood perfusion. The term Q,, accounts for the heat produced by cellular metabolic processes,
while the term w,c, (T, — T) represents the heat exchange between the tissue and the blood flow. This term
depends on the blood perfusion rate, blood specific heat capacity, and the temperature difference between the
tissue and the arterial blood [53].

The two main mechanisms for heat flow within a tissue are conduction and convection. Conductive heat flow means
that the temperature gradient within the tissue itself drives the flow. Convection of heat energy occurs through the
blood that perfuses the tissue. Conductive heat flow is governed by Fourier’s law of heat conduction. The law states
(Equation 2) that the heat flux (q) through a material is directly proportional to the temperature gradient (dT/dx)
across the material and its thermal conductivity (k). Mathematically, it can be expressed as:

_
1= dx

Equation 2 - Fourier's law of thermal conduction
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2. Materials and Methods

The objective of this proof-of-concept research is to enhance the methodology for utilizing dynamic infrared
thermography (DIRT) in the assessment of both malignant and non-malignant skin lesions. In the future, the plan
is to integrate various techniques such as dermoscopy, digital photography, hyperspectral imaging, and dynamic
infrared thermography into an in-vivo measurement setup. To validate and assess the effectiveness of this new
combined technique compared to existing clinical and diagnostic methods, large-scale clinical studies will be
conducted. This proof of concept marks the initial phase of the research.

The investigation into the application of DIRT in skin cancer diagnostics is being carried out at the University of
Antwerp, in collaboration with Ghent University Hospital and Antwerp University Hospital. The clinical trial has
received approval from the ethical committee of the Antwerp University Hospital (BUN B3002022000057).

2.1 Data acquisition equipment

The data acquisition system comprises six primary components that are integrated into a measurement head to
ensure consistent measurements. These components include a thermal camera, cooling device, RGB camera,
laser diode, temperature and humidity sensor, and a computer for control and image processing.

The first component is a FLIR A700 long-wave infrared camera (7.5-14 ym) from Teledyne FLIR LLC, Oregon,
USA. It utilizes an uncooled microbolometer detector with a pixel pitch of 12 um and a thermal sensitivity (NETD)
of <30 mK. Equipped with a 2.0x macro lens and a minimal focus distance of 18mm, the thermal camera captures
16-bit thermal image sequences at a resolution of 640 x 480 and a frame rate of 30 Hz. The thermal sequence is
recorded in 16-bit RAW data at 30Hz. A two-point non-uniformity correction (NUC) is applied to the raw images
using a blackbody as a reference at temperatures of 15 °C and 35 °C.

The second component is the Cryo 6 cold air unit from Zimmer MedizinSysteme GmbH, used as the cooling device
for the skin lesion. This Class lla medical device cools the skin in a non-contact, rapid, and reproducible manner
without obstructing the field of view or interfering with the infrared camera [54]. The Cryo 6 generates filtered,
moisture-free, oil-free, and quiet airflow at a temperature of -30 °C [55]. The airflow can be regulated in nine levels
up to 1000I/min. Cooling is an optimal solution based on a literature review on skin cancer diagnosis with infrared
thermography, ensuring uniform thermal excitation and high accuracy [23]. Non-contact cooling within the patient's
physiological limitations is preferred for maintaining aseptic conditions.

A high-definition RGB endoscopic camera captures an RGB reference image before the thermal sequence begins.
It also tracks and compensates for patient motion through post-processing and tracking algorithms. The endoscope
operates at a frame rate of 30 fps with a resolution of 1280 x 720 pixels. It offers a 66° field of view and a depth of
focus ranging from 3 to 8 cm. The combination of the endoscope and the infrared camera eliminates the need for
a hyperthermic marker.

A laser dot diode emitting red light at a wavelength of 650 nm and light power below 5 mW is used to mark the
center of the lesion. Monitoring the air flow near the skin lesion is facilitated by a Bosch BME280 sensor, which
measures relative humidity, barometric pressure, and ambient temperature. The laser diode and the Bosch
BMEZ280 are controlled by an esp32 microcontroller using code developed by the authors.

A computer equipped with custom software controls the infrared camera, endoscope, laser dot diode, and cooling
device. It also monitors the various sensors. All data is stored on the hard drive for further processing and analysis.

2.2 Acquisition protocol

Patient preparation is a crucial aspect that cannot be overlooked. To ensure accurate and reproducible thermal
imaging, patient acclimatization should take place in a room with controlled temperature and humidity. Following a
well-defined protocol is essential for maintaining consistency in the measurement procedure. A temperature-
controlled environment is particularly important for clinical applications of thermal imaging. The examination room
should maintain a sTable temperature within the range of 18 to 23 °C [56]. In this research, the examination room
is set at a temperature of 22 °C. A calibrated sensor monitors both the temperature and humidity of the room. It is
important to ensure that no airflow from the air conditioners is directed at the patient. If necessary, the patient
removes appropriate clothing and jewelry. A minimum acclimatization time of 10 minutes is recommended to
achieve sTable blood pressure and skin temperature.

The acquisition protocol commences with capturing a white light (RGB) image using a digital camera equipped with
a macro lens. The measurement head, which integrates various components, is placed on the skin with the skin
lesion positioned at the center of the measurement head. To protect the patient's skin, a foam ring with a thickness
of 5 mm is attached to the measurement head. The laser mounted on the measurement head is used to mark the
center of the lesion. The movement of the measurement head is recorded by the integrated endoscopic camera.
The Flir A700 thermal camera is positioned 40 mm away from the skin lesion and incorporates an auto-focus feature
to focus on the lesion. Initially, a 4-second sequence of steady-state infrared images is captured. This image
sequence comprises 60 frames at a rate of 30 Hz. Following the recording of the steady-state images, the cooling
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cycle is initiated. The parameters that can be easily adjusted include the air flow level and the duration of cooling.
The Cryo cooling device is used to cool the skin area with a diameter of 50 mm, encompassing the lesion. Once
the cooling load is removed, the thermal camera continues recording the natural reheating of both the skin lesion
and the healthy surrounding skin for a duration of 1-5 minutes or until reaching a steady state.

2.3 Finite element skin model

Siemens NX is used to model the thermal FEM analysis. The geometry of the skin tissue for FEM analysis includes
the shape of the model, number of layers, shape and size of the lesion. The model used in our preliminary research
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y " Epidermis & 1,
2
z H Papillary dermis 3’12
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Papillary Dermis - 0.8 mm
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Subcutaneous fatly

Subcutaneous fat -
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Figure 2 — (left) Layers of the skin in Siemens Simcenter 3D, (right) 3D cylindrical FEM model of human skin

is a three-dimensional cylindrical model with five skin layers as shown in Figure 2. This FEM model is implemented
based on the research of Cétingul and Herman [57]. A cylindrical 3D model is preferred over a 1D and 2D model
as the latter two can lead to false or imprecise solutions and the cylindricity of the model requires less computational
time due to only one lateral boundary condition on one face [58]. The five layers are the epidermis, papillary dermis,
reticular dermis, subcutaneous fat and muscle. The size of the lesion is determined by the Clark level. The Clark
Level is a staging system that describes the depth of the skin lesion as it grows.

Cryogenic cooling

|1]]
e

Steady state Cooling phase Reheating phase

Figure 3 - Three phases of the skin model; from left to right, steady state phase, cooling phase and natural
reheating phase

Table 1 gives an overview of the parameters used in this preliminary research. Properties of the skin layers are the
height hn, specific heat cn, thermal conductivity kn, density pn, blood perfusion wy and metabolic heat generation
Qn. The parameters in Table 1 are from the study of Cetingll and Herman [40] based on values from literature. A
3D tetrahedral mesh type is chosen with different mesh sizes depending on the location of the mesh in the skin
model. A finer mesh tends to be chosen for the most important regions for the determination of surface
temperatures. The mesh sizes are shown in Figure 2.
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The computational analysis consists of three phases, namely the steady-state phase, the cryogenic cooling phase
and the reheating phase as shown in Figure 3. The steady state phase uses an ambient temperature of 21 °C, a
blood temperature of 37 °C and a core body temperature of 37 °C. A convection heat transfer coefficient of 10
W/m?K is used, based on the properties of the ambient air. The last boundary condition is the tissue emissivity and
has a value of € = 0.98, determined and evaluated by Cheng and Herman [40], which can be considered as a

constant value.

Laver height specific Heat  thermal conductivity tissue density  blood perfusion metabolic heat generation
Y fin [mm] e 5] b [k P 5% w 3] Qn [ 2]

Epidermis [1] 0.1 3589 0.235 1200 0 0

Papillary Dermis [2] 0.7 3300 0.445 1200 0.0002 368.1

Reticular Dermis [3] 0.8 3300 0.445 1200 0.0013 368.1

Fat [4] 2 2674 0.185 1000 0.0001 368.3

Muscle [5] 8 3800 0.51 1085 0.0027 684.2

Lesion [6] P02 1 e 382 0.558 1030 0.0063 3680

Table 1 - Nominal skin parameters used in this research according to Cetingiil and Herman [37]

3. Results

3.1 In-Situ measurement head

The measurement head integrates the equipment mentioned in paragraph 2.1. It is specifically designed to allow
the lesion to be cooled using the conditioned air from the Zimmer Cryo 6 cooler, while ensuring that the field of
view of the macro lens remains unobstructed. Figure 4 illustrates the design of the measurement head, and the
components utilized are described in section 2.1. Currently, the in-situ measurement head is undergoing

thorough testing.

Preliminary results of the implemented imaging procedure can be observed in Figure 5. In its steady state, the
lesion has a temperature of approximately 32 °C. Upon applying the cooling load for 60 seconds at flow level 9,
the lesion's temperature decreased to around 4 °C. It should be noted that this cooling load exceeds what would
be used in a clinical setting, but it is employed here to test the functionality of the in-situ measurement head.
Additionally, the images display the rewarming frames at 20, 60, and 120 seconds. The skin lesion is clearly

discernible in the infrared images.

uniform cooling:
from 2 sides

Figure 4 — (left) CAD model of the measurement head for DIRT on skin lesions, (right) in-situ measurement head during

measurement
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Figure 5 - RGB image and macro infrared thermography on skin lesion (20s of cooling, 120s rewarming)

3.2 Finite element skin model

Figure 6 presents the initial findings of the FEM skin model incorporating cryogenic cooling. Various cooling
methods were simulated to determine the most suiTable approach for applying DIRT (Dynamic Infrared
Thermography) for skin cancer diagnosis. The evaluated cooling methods included cryogenic cooling at two levels
(level 1 and level 9), air cooling, constant cooling, and water cooling. Figure 7 illustrates the cooling effect of
cryogenic cooling across different skin layers. Notably, the fat layer exhibits pronounced insulating properties.
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Figure 6 - Depth of cooling penetration into the skin for different cooling methods. The cryocooler is modelled at level 1 and

level 9. Air cooling at 4°C, constant cooling and water cooling are included.

Two key observations emerge from the results. Firstly, higher flow levels of cryogenic cooling result in faster
penetration through the skin layers. This observation holds true overall, with a particularly noTable difference
between level 1 and level 9 (e.g., a 5-second disparity at the beginning of the muscle layer). Secondly, cooling at
each flow level is virtually instantaneous above the epidermal layer, owing to the low thickness of the epidermis.
Subsequently, as the cooling depth progresses from the start of the papillary dermis to the conclusion of the
subcutaneous fat layer, the cooling rate gradually slows. This can be attributed to the varying thermal conductivity
of the individual layers. Table 1 highlights the thermal conductivity disparities among the papillary dermis, reticular
dermis, and subcutaneous fat layer. Specifically, the thermal conductivity of the papillary dermis and reticular
dermis surpasses that of the subcutaneous fat layer. Consequently, layers with higher thermal conductivity
experience faster heat transfer. Moreover, the cooling depth curve reaccelerates upon reaching the onset of the
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muscle layer (i.e., the end of the subcutaneous fat layer) because the thermal conductivity of the muscle layer
exceeds that of the subcutaneous fat layer.
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Figure 7 - Cooling depth in the skin layers in function of the time for cryogenic cooling at level 1,5 and 9

3.3 Clinical validation

In order to validate the Siemens Simcenter 3D thermal skin model, a preliminary study was conducted using a
single pigmented lesion. The purpose of including only one lesion in this study was to facilitate the validation of the
skin model. The lesion had a diameter of 15mm and displayed slight ulceration. The thermal response of both the
skin lesion and healthy skin was measured using infrared imaging and compared with a model of the skin lesion
created in Siemens Simcenter 3D. Figure 8 depicts an RGB color image of the pigmented lesion during the
measurements, utilizing the measurement head described in section 3.1. The red laser dot indicates the center of
the field of view for both the thermal and RGB cameras. The right image in the Figure illustrates the lesion in the
thermal infrared spectrum, captured immediately after the cooling load was removed.
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Figure 8 - (left) RGB image capturing the skin lesion, prominently displaying the red laser dot at its center, serving as a reference
point within the field of view. (right) Red marker indicating the center of the lesion, while the blue marker represents the
healthy skin region.
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Temperature [°C]

Upon applying the cooling load, the temperature of the lesion decreased to 28.59°C, while the temperature of the
healthy skin was slightly lower at 27.15°C as can be seen in Figure 9. After approximately 60 seconds of reheating,
the temperature of the lesion and healthy skin increased to around 33.09°C and 32.95°C, respectively. The
temperature difference of more than 1°C between the lesion and healthy skin was clearly visible immediately after
the cooling load was removed. However, this temperature difference gradually decreased as the reheating process
continued. It should be noted that the magnitude and time evolution of this temperature difference varied based on
the malignant potential of the lesion. The complete measurement cycle for the lesion and the healthy skin
surrounding it is illustrated in Figure 10. The cycle begins with a 4-second steady state measurement, during which
the center of the lesion exhibits a higher temperature compared to the surrounding healthy skin. Subsequently,
both the lesion and healthy skin are cooled down for 20 seconds at flow level 7. It is observed that the lesion cools
down to a lesser extent than the healthy skin during this cooling stage. Once the cooling load is removed, the
process of reheating begins for both the lesion and healthy skin
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Figure 9 — (left) Time-dependent temperature profile of the pigmented lesion and healthy tissue. The lesion is denoted by the red cross,

while the healthy skin is indicated by the blue cross, as shown in figure 8. (right) Thermal contrast between the lesion and healthy
skin during the rewarming phase. A temperature difference exceeding 1 °C is immediately noticeable after the removal of the
cooling load.
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Figure 10 - Thermal curve depicting the steady state, cooling, and reheating sequences of
the lesion (represented by the red cross in figure 8) and healthy skin (indicated by the
blue cross in figure 8). Each sequence is captured consecutively with a slight delay,
allowing for camera saving and restarting.
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Input parameters for a thermal finite element model are vital in accurately simulating and predicting heat transfer
behaviour within a system. These parameters include material properties such as thermal conductivity, specific
heat capacity, and density, which define the thermal characteristics of the materials involved. The material
parameters from Table 1 are used in this model. Geometric parameters, such as dimensions and boundary
conditions, are essential for accurately representing the geometry and specifying the heat flow boundaries. The
model has a diameter of 50 mm and a height of 11.8 mm. The lesion is modelled with a diameter of 15 mm and a
height of 1 mm. The steady state model is shown in Figure 11: the center of the lesion and the healthy skin are
depicted. Additional input parameters involve environmental factors, such as ambient temperature or radiation
conditions, which can significantly influence the heat transfer process. Those parameters are listed in Table 2.

Parameter Value Unit
Steady state sequence 4 [seconds]
Cooling sequence 20 [seconds]
Reheating sequence Al [seconds]
Ambient temperature 22 1]

Core body temperature 37 [*C]
Cryogenic cooling temperature -30 [°C]

Air heat transfer Coefficient to room 2.5 (W /2K
Emissivily 0.98

Air speed at -30 *C 2358 m/s

Table 2 — Parameters used as input for the FEM model in
Siemens Simcenter 3D.
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Figure 11 — Thermal model of the skin in steady state, featuring a central
lesion (15mm diameter). The lesion registers a temperature of 34.84
°C, while the surrounding healthy skin exhibits a temperature of
34.56 °C.
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Validating the accuracy and reliability of a thermal Finite Element Model (FEM) skin model through comparison
with real data is crucial. This process involves examining the predicted thermal behaviour and temperature
distribution of the FEM model and comparing it with experimental or measured data collected from real-world
scenarios. In Figure 12, the thermal behaviour of the model is compared to the measurement data. Notably, during
steady state, the temperature of the measured lesion and healthy skin surpasses that of the model. Throughout
the cooling sequence, an interesting observation is that the model cools down at a faster rate than human skin, yet
both reach the same temperature after 20 seconds of cooling. Additionally, the skin model exhibits a higher
reheating rate compared to human skin, but ultimately reaches a nearly identical temperature after the 60-second
mark.
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Figure 12 — Comparison of the thermal Finite Element Model (FEM) of the skin, using the parameters
described in this paper, with thermal measurements on the pigmented skin lesion. Notably, the reheating
rate of the model (shown in red and blue) differs from that of the pigmented lesion (depicted in green
and magenta). The model exhibits overall behavior that aligns reasonably well with the measurements,
although further enhancements, such as patient-specific models, could be implemented for improved
accuracy.

4. Conclusion and Future work

In conclusion, skin cancer is a significant global health concern, with increasing incidence rates and a substantial
impact on mortality. Early detection is crucial for improving survival rates and providing effective treatments.
However, the current screening method of total body skin examination and subsequent biopsies has limitations,
leading to unnecessary invasive procedures.

Dynamic infrared thermography (DIRT) has emerged as a potential non-invasive and quantitative technique for
skin cancer diagnosis. By capturing thermal images and analyzing temperature variations, DIRT can detect
differences in metabolic activity and angiogenesis associated with malignant skin lesions. The use of artificial
intelligence and finite element models further enhances the accuracy and reliability of DIRT in diagnosing skin
cancer.

A standardized measurement setup and protocol are essential for comparing measurements taken at different
times. In this proof-of-concept research, a data acquisition system comprising a thermal camera, cooling device,
RGB camera, laser diode, temperature and humidity sensor, and computer control was developed. The
measurement hardware has undergone careful review and optimization to enhance measurement accuracy and
repeatability. The system allows for consistent and accurate measurements during the DIRT procedure. Initial test
measurements have yielded positive results, and the collected data is currently being processed. Although this
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proof of concept for the measurement head has been successful, further adjustments to the instrument are still
necessary to obtain optimal results.

When comparing the results of the finite element model and the measurements, the overall resemblance is
knowledgeable. The model exhibits overall behavior that aligns reasonably well with the measurements, although
further enhancements, such as patient-specific models, could be implemented for improved accuracy. The results
of cooling the skin and cooling the model agree well, while there is still a difference in the heating of the real human
skin and the model. Both in the model and in the measurements on the patient, a noticeable temperature difference
is found between the healthy skin and the pigmented lesion. This indicates that the applied technique could possibly
be used to distinguish between healthy and unhealthy skin.

By comparing various cooling techniques and durations, an optimal cooling protocol for thermal measurements of
skin tissue can be identified in the future. In this work, the first steps are taken to build and validate a finite element
skin model. While the basic finite element skin model in Siemens Simcenter 3D has not yet been thoroughly
validated with real-life measurements, the initial findings and comparison demonstrates promising similarities to
real-world scenarios. Since this study serves as a proof-of-concept, it is essential to clinically validate the cooling
times. The FEM model provides an estimate of the minimum cooling time required to achieve sufficient cooling
penetration. Furthermore, by making the model patient-specific, it becomes possible to customize the cooling times
based on individual patients or specific anatomical locations.

Future research will focus on developing a system to mitigate uncontrolled movements of the measurement head
and the patient. Additionally, efforts will be directed towards thermographic data processing, including motion
tracking, image stabilization, image processing, segmentation, and lesion classification. The FEM skin model will
be expanded and validated with more real-life measurements. The data generated by the FEM skin model will be
used to train an Al network to be able to distinguish the healthy skin from the malign lesions.

Overall, the use of DIRT in skin cancer diagnosis shows promise in improving accuracy, reducing unnecessary
biopsies, and providing a non-invasive and quantitative approach to assess malignant and non-malignant skin
lesions. Further research and validation through extensive clinical studies are necessary to establish DIRT as a
reliable and widely adopted tool in dermatology and skin cancer management.
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